Two genes, SlZnT1 and SlZnT2, encoding Cation Diffusion Facilitator (CDF) family transporters were isolated from Suillus luteus mycelium by genome walking. Both gene models are very similar and phylogenetic analysis indicates that they are most likely the result of a recent gene duplication event. Comparative sequence analysis of the deduced proteins predicts them to be Zn transporters. This function was confirmed by functional analysis in yeast for SlZnT1. SlZnT1 was able to restore growth of the highly Zn sensitive yeast mutant Dzrc1 and localized to the vacuolar membrane. Transformation of Dzrc1 yeast cells with SlZnT1 resulted in an increased accumulation of Zn compared to empty vector transformed Dzrc1 yeast cells and equals Zn accumulation in wild type yeast cells. We were not able to express functional SlZnT2 in yeast. In S. luteus, both SlZnT genes are constitutively expressed whatever the external Zn concentrations. A labile Zn pool was detected in the vacuoles of S. luteus free-living mycelium. Therefore we conclude that SlZnT1 is indispensable for maintenance of Zn homeostasis by transporting excess Zn into the vacuole.
Introduction
Zinc (Zn) is an essential micronutrient as it is involved as co-factor, structural or signalling element in a wide range of cellular processes (Eide, 2009) . Nevertheless, it becomes toxic when present in excess. The cellular Zn concentration of healthy, well-functioning cells ranges from 0.1 to 0.5 mM. Most of the cellular Zn is bound to proteins and the labile/free fraction is only in the nano to picomolar range (Eide, 2006; Simm et al., 2007) . To assure cellular homeostasis in situations of Zn limitation as well as Zn surplus, all organisms require a system to fine-tune Zn availability in the cell. This system is well studied in yeast and mammals (Sekler et al., 2007; North et al., 2012) and is mainly relying on transporters. In all eukaryotic cells, ZIP (Zrt-, Irt-like proteins) and CDF (cation diffusion facilitator) families of transporters account for most of the Zn transport across membranes. ZIP transporters mediate Zn transport towards the cytoplasm. They are involved in Zn uptake from the extracellular space (environment) and remobilization from organelles (Kambe et al., 2006) . CDF transporters remove Zn from the cytoplasm. Members of this family of transporters move Zn to the extracellular space or into cellular compartments and therefore are involved in Zn export and storage (Montanini et al., 2007) . However, ZIP and CDF family transporters are not restricted to the transport of Zn. Both families enclose Zn, Fe and Mn transporters and several of them are able to transport Cd in an unspecific way (Guerinot, 2000; Montanini et al., 2007) . Substrate specificity of CDF family transporters can be predicted by phylogenetic analysis that classifies CDF family transporters into three major groups, of which the characterized members share the same metal specificity. Metal specificity of a newly identified member can be inferred by its phylogenetic position in one of the three major groups (Montanini et al., 2007) . Until now, metal specificity of ZIP transporters cannot be predicted unambiguously from protein sequence only.
Mycorrhizal fungi are mutualists living in symbiosis with plant roots. They provide their host plant with essential low-bioavailable nutrients as nitrogen and phosphorus in exchange for photosynthesis-derived sugar (Smith and Read, 2008) . Besides, this mutualism results in other benefits for the host plant including protection from heavy metal stress. Mitigation of toxic effects in plants by mycorrhizal fungi when grown in Zncontaminated soils is well-documented Ferrol et al., 2016) . Nevertheless, molecular mechanisms of cellular Zn homeostasis in mycorrhizal fungi are not well-characterized and their impact on plant nutrient balances is poorly understood. Detoxification of excess Zn in mycorrhizal fungi includes storage in subcellular compartments. The ectomycorrhizal (ECM) fungus Suillus bovinus stores excess Zn in vacuoles (Ruytinx et al., 2013) ; Hebeloma cylindrosporum, another ECM fungus in ER-derived vesicles (Blaudez and Chalot, 2011) . In H. cylindrosporum a CDF family transporter HcZnT1, localized at the ERmembrane, is most likely involved in the transport of cytoplasmic Zn towards the ER. A similar transporter was characterized in the ericoid mycorrhizal (ERM) fungus Oidiodendron maius (Khouja et al., 2013) . RaCDF1 of Russula atropurpurea (ECM) clusters in phylogenetic analysis close to HcZnT1 and OmZnT1, confers Zn tolerance to Zn sensitive yeast mutants but localizes on the tonoplast and is likely involved in vacuolar Zn storage. A second transporter of the same family, RaCDF2 was identified in this Zn-accumulating ectomycorrhizal fungus. RaCDF2 is closely related to Mn transporting CDF's, localizes to the plasma membrane when heterologous expressed in yeast, does not confer Mn tolerance to Mn sensitive yeast mutants and likely acts as a bidirectional transporter of Zn, Cd and Co (S ack y et al., 2016) . In arbuscular mycorrhizal (AM) fungi GintZnT1 of Rhizophagus intraradices was identified and predicted to be a vacuolar Zn transporter of the CDF-family (Gonzalez-Guerrero et al., 2005) .
Here, we localize the labile Zn pool of S. luteus and report the functional characterization of two CDF-family transporters. S. luteus is a cosmopolitan ectomycorrhizal fungus, associated with pine trees. In particular, in primary successions of pines this species is abundant and involved in seedling establishment (Hayward et al., 2015) . On severely metal-contaminated sites, Zn-tolerant S. luteus populations evolved and protect their host tree effectively from Zn toxicity Colpaert et al., 2011) . The Suillus-Pinus association has a high potential for use in bio-stabilisation and restoration of metal-disturbed sites. However, fundamental knowledge on the molecular mechanisms involved in metal homeostasis in the plant and fungal partner is required to select most suited ecotypes and to fully exploit this potential.
Results and discussion
Localization of labile Zn pool in S. luteus All fungi store excess Zn in a specific organelle where it is no longer able to harm the cell and from where it can be remobilized in case of deficiency. For most fungi the vacuole is the main site for Zn storage (Ott et al., 2002; Simm et al., 2007; Gonzalez-Guerrero et al., 2008) . On the other hand, some fungi have special ER related vesicles (or zincosomes) for Zn storage (Clemens et al., 2002; Blaudez and Chalot, 2011) . Subcellular labeling of Zn in S. luteus mycelium was performed with a fluorescent marker for free Zn 21 , FluoZin3 (Molecular Probes, Invitrogen), which is able to detect free Zn 21 in the 1-100 nM range. A fluorescence pattern, clearly indicating vacuoles, was observed ( Fig. 1) . Hyphae containing vacuoles with labile Zn were distributed all over the mycelium ( Fig. 1A-C) . External Zn concentration did not change the observed fluorescence pattern, only intensity Identification and evolutionary origin of two S. luteus transporters of the CDF family CDF family transporters are often involved in Zn storage in vacuoles or ER related vesicles in fungi. These transporters are key elements of the Zn homeostatic network of eukaryotes (Montanini et al., 2007; Kambe et al., 2008; Gustin et al., 2011) . By removing Zn from the cytosol they are particularly important in the prevention from Zn toxicity (Gaither and Eide, 2001) . Using a genome walking approach targeting vacuolar Zn transporters of the CDF family we picked up two S. luteus gene fragments. Further analysis by genome walking and RACE protocols revealed that those fragments belong to the genes encoding proteins with protein ID 807028 and 814105 in the JGI S. luteus genome database. The genes were named SlZnT1 and SlZnT2 and both gene models are very alike (Supporting Information Fig. S1 ). They consist of nine exons interspersed with introns of 6 50 nucleotides. In silico translations of full length cDNA's (1623 and 1516 bp) identified open reading frames of 1320 and 1362 bp encoding a 440 and 453 amino acid-long polypeptide respectively (Fig. 2) . A high percentage of sequence identity (85%) between both predicted proteins is observed. The predicted proteins show sequence and structural features typical of CDF family transporters. CDF transporters are characterized by six transmembrane domains and a histidine rich motif (HX) n in the cytosolic loop between transmembrane helices IV and V. For most proteins of this transporter family the histidine rich motif is located directly after helix IV and contains three to six HX repeats (Gaither and Eide, 2001 ). The topology prediction program TMHMM predicted 6 transmembrane domains for both deduced S. luteus proteins. The deduced proteins are very similar but show a considerable level of sequence diversification in the cytosolic loop between helix IV and V (Fig. 2 ). SlZnT1 is with its predicted six transmembrane domains and (HX) 3 domain a typical CDF family member. SlZnT2 is somewhat aberrant since the normal (HX) n motif shows seven repeats and an extra, second (HX) n motif (n 5 5) is present just before helix V. The exact function of the (HX) n motif is unclear but it is expected to have a role in metal recruitment (Gaither and Eide, 2001) . In plants the histidine-rich loop is hypothesized to play a role as a Zn chaperone to determine the identity of the transported ions (Podar et al., 2012) . The atypical sequence of SlZnT2 with the presence of an additional (HX) n motif might therefore have some implications for metal selectivity and specificity. However, Lin et al. (2009) showed that metal specificity is determined by a cooperation between transmembrane domain II and V. Several single amino acid substitutions within transmembrane helices II and V of the S. cerevisiae vacuolar Zn transporter ZRC1 resulted in an Fe and Mn transporting protein. Some of these proteins created by site directed mutagenesis retained the ability to transport Zn, others not (Lin et al., 2008; 2009) . In particular the amino acid located four residues before the highly conserved aspartate (D) in transmembrane domain II and V is very important in metal selectivity (Montanini et al., 2007) . Both identified S. luteus transporters have a HXXXD motif in transmembrane helices II and V, a feature specific for the group of Zn transporting CDFs (Fig. 2) .
Comparisons with the NCBI nr protein sequences (BLASTx) or fungal protein models at jgi MycoCosm resulted in the same hits for SlZnT1 and SlZnT2. However, ranking of the hits is different. Previously characterized CDF family transporters with the highest sequence identity are the RaCDF1 protein of Russula atropurpurea (53%) and the GintZnT1 protein of Rhizophagus intraradices (44%) for SlZnT1 and SlZnT2, respectively. All hits are protein models corresponding to CDF family transporters. Remarkable is that only species from the suborder Suillineae and Coniophora puteana occur twice in the list of BLASTx hits. To elucidate the origin and relationship of SlZnT1 and SlZnT2 a neighbour-joining (NJ) tree was built using previously characterized fungal CDF family transporters and BLASTx hits. In this tree (Fig. 3 ) both SlZnT1 and SlZnT2 cluster to the Zrc1/Cot1-like Zn-CDFs (Montanini et al., 2007) . Within the cluster of Zrc1/Cot1-like CDFs, SlZnT1 clusters with the majority of the BLASTx hits while SlZnT2 divaricates earlier and groups in a cluster that only contains sequences of species that had two BLASTx hits. Reconciliation of the tree with an ITS phylogeny of the considered taxa supports a gene duplication in the common ancestor of Suillineae and the Coniophora/Serpula clade (Supporting Information Fig.  S2 ). Gene expansion and loss are common events in fungal genome evolution and may result in phenotypic alterations (Floudas et al., 2012 , Kohler et al., 2015 . Interestingly, S. luteus and some other species within the Suillineae clade are known to evolve Zn-tolerant phenotypes on severely metal-contaminated soils . Members of the SlZnT2 cluster could therefore be candidate genes to study in adaptive Zn tolerance of Suilloid fungi. Five additional S. luteus genes predicted to encode CDF transporters were identified and cluster within different clusters of the phylogenetic tree ( Fig. 3 and Supporting Information Fig. S3 ).
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Functional characterization of SlZnT1 in yeast SlZnT1 was expressed in yeast to confirm the functionality predicted by comparative sequence analysis. Heterologous expression in the eukaryotic model system S. cerevisiae is a common strategy to get insight into gene function (Osborn and Miller, 2007; Mokdad-Gargouri et al., 2012) . By comparative gene analysis, SlZnT1 is predicted to encode a vacuolar Zn transporter. SlZnT1 gene product was able to partly restore growth of Dzrc1, a yeast mutant defective in vacuolar Zn storage and highly sensitive for Zn, on Zn enriched medium (Fig. 4) . The highly sensitive phenotype of Dcot1 (defective vacuolar CDF transporter) on cobalt (Co) containing medium could not be restored by the identified S. luteus gene product. Also, the defective vacuolar ATP (adenosine triphosphate) binding cassette of Dycf1 (Cd sensitive) yeast and the defective Golgi P-type ATPase of Dpmr1 (Mn sensitive) yeast could not be complemented by SlZnT1 (Supporting Information Fig. S4 ).
To better understand the role of SlZnT1 in Zn homeostasis the cellular metal content of wild type yeast 
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(1 empty vector (EV)), Dzrc1 (1EV) and Dzrc1 carrying SlZnT1 was determined after exposure to Zn. All yeast cultures showed an increased Zn content after growing in Zn enriched medium (Supporting Information Fig. S6 ). Wild type yeast and Dzrc1 yeast containing SlZnT1 accumulated a comparable amount of Zn. This amount is significantly higher than the amount measured in Dzrc1. No significant differences in Fe and Mn content were observed among the yeast mutants when exposed to Zn (Supporting Information Fig. S7 ), indicating the Zn specificity of the transporter. Translational fusion of SlZnT1 to GFP confirmed its vacuolar localization in yeast (Fig. 5) . Yeast cells containing the SlZnT1::EGFP fusion construct showed a bright green GFP fluorescent ring at the level of the vacuolar membrane (Fig. 5A-D) . Clear colocalisation of the GFP fluorescence with the red fluorescence of the tonoplast specific staining FM4-64 was observed for the SlZnT1::EGFP fusion construct.
All together our observations support a ZRC1-like function for SlZnT1. ZRC1 is involved in vacuolar Zn storage and largely determines yeast's ability to detoxify excess Zn (Kamizono et al., 1989) . Most likely, SlZnT1 has a role in cellular Zn homeostasis in S. luteus by transporting excess Zn towards the vacuolar stock.
Functional characterization of SlZnT2 in yeast
Although SlZnT1 and SlZnT2 are very similar, we were not able to express functional SlZnT2 in S. cerevisiae. None of metal sensitive phenotypes of the tested yeast mutants defective in metal transport could be complemented by expression of SlZnT2 (Fig. 4 and Supporting Information Fig. S4) . Though, the gene is clearly expressed since SlZnT2 transcript could be detected in the transformed yeast cells by PCR (Supporting Information Fig. S5 ). Translational fusion to GFP resulted in accumulation of GFP inside the vacuole (Fig. 5) . Fusion of the EGFP protein to SlZnT2 resulted in a green fluorescent vacuolar content when expressed in yeast for both N-terminal and C-terminal fusion. Figure ( 5E-G) shows that EGFP fluorescence is nicely surrounded by FM4-64 fluorescence. Zn content of Dzrc1 containing SlZnT2 was similar to that of Dzrc1 containing the empty vector and is significantly lower than in WT yeast cells exposed to the same external Zn concentration (Supporting Information Fig. S6 ).
Heterologous expression is a powerful way to study gene function but has some limitations because of differences in e.g. codon usage, posttranscriptional regulation, posttranslational modifications and protein targeting signals (Yin et al., 2007; Mattanovich et al., 2012) . These differences might be at the basis of the nonfunctioning of SlZnT2 in yeast. The functional Cultures of wild type and mutant yeast were tenfold serial diluted and spotted on control and Zn-supplemented SD medium. The wild type strain was transformed with the empty vector, the mutant strain with either the empty vector or the vector containing SlZnT1 or SlZnT2. The experiment was carried out twice for three independent clones and pictures were taken after 4 days of growth.
characterization of the R. intraradices CDF transporter GintZnT1 in yeast resulted in similar problems. Although, GintZnT1 could be detected by western blotting in transformed cells, it was not able to complement any metal sensitive yeast mutants. This transporter could not be affiliated to a specific membrane; the expressed protein seemed to accumulate all over the cytoplasm (Gonzalez-Guerrero et al., 2005) . However, the exact reason of non-functioning is probably different for both proteins since they accumulate in different cellular compartments in yeast. Regulation of posttranslational modifications and protein targeting are only little explored in mycorrhizal fungi and deserve further attention.
SlZnT1 and SlZnT2 gene expression in S. luteus
Gene expression levels of SlZnT1 and SlZnT2 were determined in S. luteus after 48 h exposure to different concentrations of Zn, including concentrations inducing cellular Zn deficiency and toxicity. Figure 6A and B show that both SlZnT1 and SlZnT2 expression were constitutive. Neither exposure to excess Zn, nor limiting Zn changed the expression level of the transporters when compared to the control condition (20mM Zn). On average SlZnT1 and SlZnT2 expression level differ by at least a factor five, with SlZnT2 showing the lowest transcript abundance (Fig. 6A and B) . Insensitivity of gene expression for high external Zn concentrations was demonstrated previously for the Zn CDF transporter ZRC1 of S. cerevisiae (MacDiarmid et al., 2003) and HcZnT1 of Hebeloma cylindrosporum (Blaudez & Chalot, 2011) . However, in R. intraradices gene expression of the SlZnT homologous gene GintZnT1 is transiently induced by elevated external Zn concentrations (Gonzalez-Guerrero et al., 2005) . S. cerevisiae cells show a proactive strategy of homeostatic regulation of free cellular Zn content by an induction of ZRC1 gene expression in Zn limited cells (MacDiarmid et al., 2003) . Being proactive guarantees a rapid resistance in case of repletion. In S.
luteus no change in SlZnT gene expression level was detected after growth without Zn for 48 h (Fig. 6 ). This might imply that both SlZnT's are not regulated proactive neither reactive by external Zn concentration at the transcriptional level.
Conclusions
SlZnT1 probably has a key role in vacuolar Zn storage in S. luteus considering the results obtained by heterologous expression in yeast. Based on the phylogenetic analysis it is likely that SlZnT2 is involved in vacuolar Zn storage as well. However, redundancy caused by gene duplication might lead to diversification and neofunctionalization (Assis and Bachtrog, 2013) . Subcellular targeting of SlZnT2 is unclear and vacuolar localisation was not confirmed. This protein might have evolved to transport Zn out of the cell by localisation to the plasma membrane or ER. Since we could never observe a zincosomes related accumulation pattern in S. luteus, a role for SlZnT2 in Zn detoxification by storage or secretion via zincosomes is rather unlikely unless Zn is tightly bound to a chelator, preventing its detection by the fluorescent marker. Also, Zn specificity of SlZnT2 was not confirmed and comparative sequence analyses are not always conclusive. RaCDF2 of Russula atropurpurea is a Zn exporting plasma membrane transporter nested within a cluster of Mn transporters and without the Znspecific HXXXD motif in transmembrane helices II and V (S ack y et al., 2016) . CDFs are conserved proteins and this kind of changes in metal specificity seem rather exceptional since all other previously characterized CDFs of Bacteria, Plants and Animals cluster in phylogenetic trees according to the metal they are transporting (Montanini et al., 2007; Cubillas et al., 2013) . A role of SlZnT2 in Zn transport and homeostasis of S. luteus is likely. Other S. luteus genes are predicted to function in Fe and Mn transport. Five additional CDF-encoding Identification and characterization of two Zn transporters 425 genes were identified in the S. luteus genome (Fig. 3 and Supporting Information Fig. S3 ). These genes need to be further characterized to confirm their putative role and understand their contribution in Zn, Fe and Mn homeostasis of S. luteus.
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